The V protein of simian virus 5 (SV5) facilitates the ubiquitination and subsequent proteasome-mediated degradation of STAT1. Here we show, by visualizing direct protein-protein interactions and by using the yeast two-hybrid system, that while the SV5 V protein fails to bind to STAT1 directly, it binds directly and independently to both DDB1 and STAT2, two cellular proteins known to be essential for SV5-mediated degradation of STAT1. We also demonstrate that STAT1 and STAT2 interact independently of SV5 V and show that SV5 V protein acts as an adaptor molecule linking DDB1 to STAT2/STAT1 heterodimers, which in the presence of additional accessory cellular proteins, including Cullin 4a, can ubiquitinate STAT1. Additionally, we show that the avidity of STAT2 for V is relatively weak but is significantly enhanced by the presence of both STAT1 and DDB1, i.e., the complex of STAT1, STAT2, DDB1, and SV5 V is more stable than a complex of STAT2 and V. From these studies we propose a dynamic model in which SV5 V acts as a bridge, bringing together a DDB1/Cullin 4a-containing ubiquitin ligase complex and STAT1/STAT2 heterodimers, which leads to the degradation of STAT1. The loss of STAT1 results in a decrease in affinity of binding of STAT2 for V such that STAT2 either dissociates from V or is displaced from V by STAT1/STAT2 complexes, thereby ensuring the cycling of the DDB1 and SV5 V containing E3 complex for continued rounds of STAT1 ubiquitination and degradation.
Simian virus type 5 (SV5) is classified within the genus Rubulavirus of the subfamily Paramyxovirinae of the family Paramyxoviridae (18) . It is now well established that most members of the Paramyxovirinae subfamily at least partially circumvent the interferon (IFN) response by blocking IFN signaling and reducing the production of IFN by infected cells (for reviews see (1, 10, 13, 22, 32) . In human cells, SV5 blocks both IFN-␣/␤ and IFN-␥ signaling by targeting STAT1 (a transcription factor which is essential for IFN signaling) for proteasome-mediated degradation (3, 7, 23, 25, 36, 37) . The molecular mechanisms by which SV5 targets STAT1 for degradation have been the subject of several recent investigations, and of the virus proteins, only the V protein is required to mediate this process (3, 7, 26) .
The SV5 V protein is the 222-amino-acid product of a faithful mRNA copy of the second open reading frame (the V/P gene) of the virus genome. V has been shown to be a multifunctional protein that, apart from its involvement in STAT1 degradation, also interacts with an IFN-inducible DExD/H box helicase mda-5 to limit the production of IFN (1), binds singlestranded RNA (20) and may act as a chaperone keeping the nucleoprotein of the virus soluble (28) . STAT1 degradation, mediated by SV5 V protein, is independent of IFN signaling or phosphorylation of STAT proteins (3, 24) . However, there is an absolute requirement for STAT2 in STAT1 degradation and consequently, SV5 infection fails to induce the degradation of STAT1 in STAT2-deficient (U6A) cells (26) or in 2fTGH cells that express PIV2 V protein (a virus related to SV5 that preferentially degrades STAT2) (3) . Additionally, SV5 cannot induce the degradation of STAT1 in murine cells (5) . However, murine STAT1 is degraded if human STAT2 is expressed in murine cells, indicating that STAT2 is a host range determinant (24) . A requirement for human STAT2 was also observed in a rabbit reticulocyte lysate-based in vitro assay that demonstrated that STAT1 was both ubiquitinated and degraded in the presence of purified SV5 V (27) . However, while it has been shown both in vitro and in vivo that SV5 V protein can associate with STAT2, it was not clear whether this was a direct or indirect interaction. Additionally, the specific role of SV5 V in the degradation process has not been determined (13, 27) .
Recent studies have established that the proteasomal degradation of STAT1 is mediated by ubiquitination and have identified some additional cellular proteins required in the degradation process. SV5 V protein interacts strongly with the 127-kDa subunit (DDB1) of the UV-damaged DNA-binding protein (21) , and a clear role for DDB1 in the targeted degradation of STAT1 by the V protein of SV5 has now been firmly established (2, 19, 33) . Direct interaction between SV5 V protein and DDB1 have been demonstrated in the yeast two-hybrid system that has also shown the first 20 amino acids of the V protein are not required for DDB1 binding (2) .
In normal uninfected cells DDB1 has been shown to interact with several proteins, including Cullin 4a (Cul4a) (30) . Cullins are highly conserved molecules that play an essential role in cell cycle control, development, and genomic stability (14) . Cullins function by assembling multiprotein complexes as ubiquitin E3 ligases. In human cells there is a family of six closely related cullins and three more distantly related proteins. All members of this group exhibit a highly conserved carboxyterminal domain that binds to a small RING finger protein, Rbx1 (or Roc1). Rbx1 activates an E2 ubiquitin-conjugating enzyme to catalyze polyubiquitination (14) . In addition, cullins interact with substrate recognition proteins to complete an E3 ligase complex that specifically ubiquitinate the substrate protein and hence targets it for proteasome-mediated degradation (for reviews on ubiquitination and proteasome-mediated degradation, see references 12, 15, and 34).
It has been recently shown that DDB1 and Cul4a form part of E3 ligase complexes which regulate c-Jun activity (35) , target CDT1for ubiquitination in Caenorhabditis elegans embryos (14) , and stimulate ubiquitination and degradation of the HOXA9 homeodomain protein (38) . Evidence for a direct role of Cul4a in the targeted degradation of STAT1 by SV5 comes from the observations that Cul4a is coimmunoprecipitated with V and DDB1, and that treatment of cells with short interfering RNA to Cul4a slightly affects the degradation of STAT1 (27, 33) . It thus appears that the V protein of SV5 and other rubulaviruses can form novel ubiquitin ligase complexes that include STAT1, STAT2, DDB1 and probably Cul4a that lead to the ubiquitination and degradation of either STAT1 or STAT2 and this complex has been termed the VDC complex (33) . However, the details of complex action and assembly have not been worked out.
We have previously reported the development of an in vitro assay, based on a reticulocyte lysate coupled transcription/ translation system and have demonstrated the ubiquitination and degradation of STAT1 in the presence of STAT2 and SV5 V (27) . However, the large number of cellular proteins in the reticulocyte lysate background limited the information regarding specific molecular interactions between cellular and viral proteins necessary for the degradation of STAT1. Here we examine in detail the molecular interactions of STAT1, STAT2, DDB1, and SV5 V, from which we derive a dynamic model in which the relative affinities of the interacting proteins alter during the degradation process, thereby ensuring efficient degradation of STAT1 by recycling the component parts that make up the VDC complex. Additionally, we demonstrate the position of SV5 V protein in the VDC complex as an adaptor between STAT2 and DDB1.
MATERIALS AND METHODS
Cell culture, infection and preparation of cell extracts. Spodoptera frugiperda (Sf9) cells were maintained as suspension culture in TC-100 medium (Invitrogen) supplemented with 7.5% fetal calf serum at 28°C. Monolayers of approximately 10 8 Sf9 cells in 300-cm 2 flasks (Helena Biosciences Ltd.) were infected with recombinant baculoviruses at a multiplicity of infection of 3 for 1 h at 28°C. After infection, cells were incubated at 28°C for 72 h in fresh medium. The medium was removed and cells scraped into 10 ml phosphate-buffered saline, centrifuged at 500 x g 5 min, and the cell pellet was resuspended in 5 ml of a lysis buffer (buffer A) containing 50 mM HEPES, pH 7.6, 10 mM KCl, 1.5 mM MgCl 2 , 1% Nonidet P40 (Sigma), 5 mM dithiothreitol, and 10% glycerol supplemented with protease inhibitors (Complete mini EDTA free [Roche]). Samples were centrifuged at 35,000 x g for 30 min at 4°C in a Beckman SW50.1 rotor and supernatants were frozen at Ϫ70°C.
293T cells were grown in suspension culture in Joklik's modified minimal essential medium (ICN Biomedical Ltd.) supplemented with 10% newborn calf serum at 37°C to a density of approximately 10 6 cells/ml. Cell extracts from approximately 10 9 cells were prepared essentially as described above. Recombinant baculoviruses. Recombinant baculoviruses containing human STAT2 and human STAT1 genes were the kind gift of I. Julkunen (Laboratory of Infectious Disease Immunology, Department of Microbiology, National Public Health Institute, Helsinki, Finland) (9) .
Recombinant baculovirus containing a gene for human DDB1 was made using the BAC-to-BAC Baculovirus Expression System (Invitrogen) following the manufacturer's protocols. Briefly, DDB1 was amplified by PCR from a preexisting clone using the following primers; Fwd: 5ЈAAATTTCCCGGGCGCCATG TCGTACAACTACGTGGTAACGG and Rev: 5ЈTTTTATGCGGCCGCTGC AGGTCG, and the resulting, amplified product was digested with restriction enzymes EheI and NotI (New England Biolabs), ligated into pFastBac HTc digested with the same restriction enzymes, and transformed into Escherichia coli XL-1Blue. Plasmid DNA, from isolated clones, was sequenced and, correct clones were transformed into E. coli DH10Bac. Clones were isolated, the DNA extracted and transfected into Sf9 cells. Baculovirus isolated from this transfection was amplified over several rounds of infection and monitored for DDB1 expression.
GST-SV5 V cloning and purification. Cloning, expression, and purification of glutathione S-transferase (GST)-SV5 V protein have been described previously (27) .
Gel electrophoresis and immunoblotting. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) was carried out using 4 to 12% Novex NuPAGE gradient gels using morpholinepropanesulfonic acid (MOPS) buffer (Invitrogen). Transfer to nitrocellulose by Western blotting was carried out using the Novex blotting module and buffer at a constant voltage of 10 V for 16 h.
STAT1 was detected using a polyclonal anti-STAT1 antibody raised against the amino-terminal 194 amino acids of the protein (Transduction Laboratories; catalog number G16930). DDB1 was detected using a rabbit polyclonal anti DDB1 antibody (Zymed cat no 34 to 2300). Cul4a was detected by a goat polyclonal antibody directed to the carboxy-terminus of the protein (Santa Cruz catalog number sc-8557). SV5 V protein was detected using a monoclonal antibody (PK) that has been described previously (29) The protein-antibody interactions were visualized by enhanced chemiluminescence (ECL) using, where appropriate, horseradish peroxidase-conjugated donkey anti-rabbit immunoglobulin G, or anti-goat protein A (Amersham International Ltd.., United Kingdom).
STAT2 capture of expressed proteins. We incubated 50 l protein G beads (Sigma) with 40 g of a rabbit polyclonal anti-carboxy-terminal STAT2 antibody (Santa Cruz catalog number sc-476) for 1 h at 4°C followed by three washes of 1 ml with 50 mM Tris HCl, pH 7.5, 200 mM NaCl, 0.1% Tween 20 (buffer B); 1 ml of an Sf9 cell extract prepared from cells infected with baculovirus containing the human STAT2 gene was added to the antibody-coated beads and incubated for 1 h at 4°C before being washed as above, and 100 g SV5 V protein (in 1 ml of buffer B) or buffer B only (control) was incubated with these beads for 1 h before washing. This was followed by further incubation of the beads with 0.5 ml of soluble cell extracts from Sf9 cells that had, or had not been, infected with baculoviruses expressing STAT1, DDB1, or mixtures of extracts containing STAT1 and DDB1. STAT2 beads without SV5 V were also incubated with 0.5 ml partially purified SV5 V-DDB1 complex (see below). The volume of each sample was equalized to 1 ml with uninfected Sf9 cell extract. After incubation for 2 h the beads were washed with buffer B as above. Where appropriate, further incubation of samples with either 1 ml 293T cell extract or Sf9 uninfected cell extract, with the addition of 10 M of the proteasome inhibitor MG132, followed by washing, as above, completed the sequential capture of proteins for analysis. Samples were then analyzed by SDS-PAGE and immunoblotting.
GST-SV5 V capture of Sf9 expressed proteins. Capture of proteins expressed in baculovirus infected Sf9 cells by GST-SV5 V protein was carried out essentially as previously described (27) . Briefly glutathione beads were first saturated with E. coli expressed GST-SV5 V protein or GST alone. After washing three times with buffer B, 10 l beads were incubated with 1 ml Sf9 cell extracts for 1 h at 4°C followed by three further washes in buffer B and analysis by SDS-PAGE. To isolate SV5 V-DDB1 complexes; after incubation with the Sf9 cell extract containing expressed DDB1 the GST-SV5 V-DDB1 complex was eluted using 10 mM glutathione in buffer B. The eluate was then incubated overnight at room temperature with recombinant TEV protease (Invitrogen) using a 50:1 ratio of protein to enzyme and with accompanying dialysis in buffer B. GST was removed from the dialysate by a glutathione column and the flow through (containing SV5 V-DDB1) used for capture assays without further purification.
STAT1 ubiquitination assays. Protein G beads containing proteins captured as described above were tested for specific ubiquitination activity of STAT1; 5 l of beads were mixed with 3.5 l of a ubiquitination buffer containing the following components: 240 mM Tris HCl, pH 7.5, 30 mM MgCl 2 , 12 mM dithiothreitol, 3 mM ATP, 60 mM creatine phosphate, 20 units/ml creatine phosphokinase, 1.2 mg/ml ubiquitin (Sigma), 5 g/ml ubiquitin ligase E2 UBCH5a prepared as described previously (4), and 50 ng ubiquitin ligase E1. The total reaction mix VOL. 79, 2005 DYNAMIC INTERACTION BETWEEN STAT1/STAT2 AND SV5-V/DDB1 13435 was adjusted to 20 l and the samples were incubated for 1.5 h at 37°C with mixing followed by SDS-PAGE and immunoblotting for the detection of STAT1.
Yeast two-hybrid assay. Plasmids directing the expression in yeast of GAL4 DNA binding domain fusion proteins were constructed by inserting a full-length open reading frame of the appropriate gene into pGBKT7 (Clontech; pGBKT7.SV5 V) or pHON1 (a plasmid with features similar to pGBKT7, including an identical alcohol dehydrogenase [ADH] promoter) (S. Goodbourn, unpublished) (pHON1.DDB1 and pHON1.STAT1). Plasmids directing the expression in yeast of GAL4 activation domain fusion proteins were constructed by inserting a full-length open reading frame of the appropriate gene into pGADT7 (Clontech; pGADT7.STAT2) or pHON3 (a plasmid with similar features to pGADT7, including an identical ADH promoter) (S. Goodbourn, unpublished) (pHON3.DDB1 and pHON3.STAT1).
Combinations of GAL4 DNA binding domain and activation domain fusion plasmids were introduced into Saccharomyces cerevisiae strain CG1945 (Clontech) or PJ69-4␣ (16) using lithium acetate-polyethylene glycol-mediated transformation (11) , and positive transformants were selected by growth at 30°C on synthetic dropout medium (SD) lacking leucine and tryptophan. Double transformants were then streaked sequentially onto SD plates lacking leucine and tryptophan, and lacking leucine, tryptophan, and histidine and containing 2 mM 3-aminotriazole (for CG1945). For PJ69-4␣ selections, adenine was also omitted. Growth was monitored at 30°C.
The choices of strain used to give the results shown here were determined experimentally. Thus, CG1945 was chosen when V was used as the bait (Fig. 1b) because it gave the lowest background of several strains examined. PJ69-4␣ was chosen to examine interactions when DDB1 or STAT1 was used as the bait (Fig.  1c) because double transformants grew faster than those generated in CG1945, although equivalent interactions were seen in the latter strain (data not shown).
RESULTS

STAT2
and DDB1 bind to SV5 V independently. Two approaches were undertaken to dissect the molecular interactions between the SV5 V protein and cellular partners involved in the STAT1 ubiquitination process; yeast two-hybrid assays and a biochemical analysis using extracts from baculovirusinfected Sf9 cells. In the first of these approaches, the yeast two-hybrid system showed that SV5 V interacts independently with both DDB1 and STAT2 but not STAT1 (Fig. 1a) . In addition, these experiments also showed that while there was no direct interaction between DDB1 and either STAT1 or STAT2 there was a clear interaction between STAT1 and STAT2 in this system (Fig. 1b) . To confirm these results STAT1, STAT2 and DDB1 were individually expressed from recombinant baculoviruses in Sf9 cells. Following expression of the proteins, soluble cell extracts were prepared (Fig. 1c, lanes  11 to 13) and mixed with glutathione agarose beads that had been saturated with bacterially expressed GST-SV5 V or GST alone. Figure 1c . Saccharomyces cerevisiae CG1945 was transformed with a plasmid directing the expression of a GAL4 DNA binding domain fusion with SV5 V (pGBKT7.SV5 V) or the parental nonfusion vector pGBKT7, and a plasmid directing the expression of either a GAL4 activation domain fusion with DDB1 (pHON3.DDB1), STAT1 (pHON3.STAT1), or STAT2 (pGADT7.STAT2), or the parental vector pHON3 or pGADT7. The double transformants were selected and replated sequentially on SD without leucine and tryptophan or leucine, tryptophan, and histidine as described in the Materials and Methods. All combinations of plasmids should confer growth on medium lacking leucine and tryptophan (SD-LT), whereas only combinations of proteins that can interact confer growth on medium lacking leucine, tryptophan, and histidine and containing 2 mM 3-aminotriazole (SD-LTH). (b). S. cerevisiae PJ69-4␣ was transformed with a plasmid directing the expression of a GAL4 DNA binding domain fusion with DDB1 (pHON1.DDB1) or STAT1 (pHON1.STAT1) or the parental nonfusion vector pHON1, and a plasmid directing the expression of either a GAL4 activation domain fusion with STAT2 (pGADT7.STAT2) or DDB1 (pHON3.DDB1) or the parental vectors pHON3 or pGADT7. The double transformants were selected and replated sequentially on SD-LT and SD-LTH. All combinations of plasmids should confer growth on medium lacking leucine and tryptophan (SD-LT), whereas only combinations of proteins that can interact confer growth on medium lacking leucine, tryptophan adenine and histidine and containing 2 mM 3-aminotriazole (SD-LTH). (c). We incubated 500 l of soluble cell extracts of Sf9 cells that had, or had not, been infected with recombinant baculoviruses which express DDB1, STAT2 or STAT1 with 10 l of glutathione beads saturated with either GST-SV5 V (lanes 2 to 5) or GST (lanes 7 to 10). Bound proteins were visualized by Coomassie blue staining of the proteins following their separation through a 4 to 12% SDS-PAGE gel. Lanes 1 and 6 are controls of GST-SV5 V and GST, respectively incubated with buffer only (the bands seen below GST-SV5 V have been identified by Western blotting as truncations of GST-SV5 V[data not shown]) Lanes 11 to 14 represent 5 l of the soluble cell extracts (i.e., 100 times this amount was mixed with the GST beads). Asterisks on lanes 11 to 14 indicate the positions of DDB1 STAT2 and STAT1, respectively, in the Sf9 cell extracts.
SV5 V acts as a bridge linking STAT2 to DDB1.
Since these results demonstrated direct and independent interactions between SV5 V protein and DDB1 and SV5 V protein and STAT2, we next determined whether SV5 V bound to one protein could capture the other to form a tertiary complex. In the approach taken, protein G beads were first coated with an antibody to the carboxy terminus of STAT2, which was then saturated with baculovirus-expressed STAT2. These STAT2-coated beads were in turn used to capture either SV5 V or preformed and purified DDB1-SV5 V complexes (as detailed in Materials and Methods) such that all the available SV5 V attached to the beads was bound through its interaction with STAT2. The STAT2, STAT2/V, STAT2/V/DDB1 beads were then further incubated with Sf9 cell extracts that did or did not contain STAT1, DDB1 or a mixture of both proteins. The composition of the protein complexes attached to the beads was visualized by Western blot analysis and Coomassie blue staining of the proteins following their separation on SDS-PAGE (Fig. 2) .
The results confirmed the yeast two-hybrid results, which showed that in the absence of SV5 V protein, STAT2 can interact with and specifically capture STAT1 (Fig. 2, lane 1) . Furthermore, the binding of STAT2 to STAT1 is apparently unaffected by the presence of SV5 V bound to STAT2 (lane 3). Figure 2 also shows that while DDB1 does not bind directly to STAT2 (Fig. 2, lane 2) it is captured by STAT2 if it is in a preformed SV5 V/DDB1 complex, presumably through the interaction of SV5 V with STAT2 (lane 5). Significantly, preformed DDB1/SV5 V complexes were more efficiently captured by the STAT2/STAT1 beads (Fig. 2, lane 6 ) than by the STAT2 only beads (lane 5). Densitometry comparison of Fig.  2 , lanes 5 and 6, indicated a fourfold increase in bound DDB1 in lane 6 compared to lane 5 despite the same amount of DDB1 being available for capture in both samples. It is also of note that the relative level of SV5 V was also highest when all the component parts of the complex (STAT1, STAT2, and DDB1) were present (compare lane 6 with lanes 3, 4, and 5in Fig. 2) , suggesting that the affinity of binding of SV5 V to STAT2 may be higher in the presence of both STAT1 and DDB1, thereby also explaining the increase in the relative amount of DDB1 present in lane 6. These results clearly show that SV5 acts as an adaptor molecule bringing DDB1 and STAT2 together and imply that the relative affinity of DDB1/V for STAT2 is increased by the presence of STAT1 bound to STAT2 Affinity of binding of SV5 V to STAT2 is increased by the presence of STAT1 and DDB1. To determine whether the binding of STAT1 and DDB1 increased the affinity of binding of SV5 V to STAT2, the dissociation of SV5 V from STAT2 in the presence and absence of DDB1 and STAT1 was investigated. STAT2/SV5 V-coated beads (Fig. 3, lane 1) , generated as described above, were incubated for 180 min with mixtures of soluble extracts of baculovirus-infected Sf9 cells that did or did not contain STAT1 and/or DDB1 (Fig. 1c, lanes 11, 13, and  14) . Following incubation, the supernatants were collected and the presence of SV5 V was detected by Western blot analysis. The composition of the proteins remaining attached to the beads was determined by Coomassie blue staining of the SDS-PAGE gel and by Western blotting (Fig. 3) .
FIG. 2.
Assembly of DDB/SV5 V/STAT2/STAT1 complexes. Protein G beads were saturated with anti-STAT2 antibody and 40-l aliquots of the resulting suspension of beads (50% vol/vol) were incubated with 500 l of soluble Sf9 cell extract infected with a recombinant baculovirus that expressed STAT2 (Fig. 1, lane 12) . These STAT2-saturated beads were then incubated with various mixtures of soluble extracts of; purified bacterially expressed SV5 V, soluble extracts of SF9 cells infected with recombinant baculoviruses that express either DDB1 or STAT1 (Fig. 1, lanes 11 and 13, respectively) , or preformed and purified DDB1/SV5 V complexes. Samples equivalent to 5 l of the original bead suspension were subjected to 4 to 12% SDS-PAGE; the SV5 V protein was detected by Western blot analysis, and other bound proteins were detected by Coomassie blue staining of the gel (note that the V protein was detected by Western blot analysis because it comigrated with antibody light chain on SDS-PAGE). The ϩ symbol above each lane indicates which proteins or cell extracts were incubated with the immobilized anti-STAT2-saturated beads (Note that all comparable lanes had exactly the same amount of expressed protein cell extracts in the same volume added to the beads, the volume being corrected, where appropriate, with uninfected Sf9 cell extract.) FIG. 3 . Interaction of SV5 V with STAT2 is stabilized by the presence of both DDB1 and STAT1. Complexes of SV5 V and STAT2 were assembled on protein G beads as described for Fig. 2 . These complexes were subsequently incubated for 180 min with 500 l of soluble antigen extracts of Sf9 cells that had or had not been infected with recombinant baculoviruses that expressed DDB1 or STAT1 (as shown in Fig. 1, lanes 11, 13, and 14) . After incubation the beads were centrifuged and supernatant fluids were collected. Samples from washed beads and the supernatants were analyzed by SDS-PAGE followed by Coomassie blue staining of the gel (a) or by Western blotting with anti-Pk SV5 V antibody (b). The presence of SV5 V in the supernatant fluids was also detected by Western blot analysis (c).
It is important to note that lane 1 represents the composition of the STAT2/SV5 V beads prior to incubation with the indicated cell extracts. Also note all comparable lanes had exactly the same amount of expressed protein cell extracts in the same volume added to the beads, the volume being corrected, where appropriate, with uninfected Sf9 cell extract.
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When the beads were incubated with uninfected cell extract, most of the SV5 V dissociated into the supernatant and little remained bound to the beads (Fig. 3, compare lanes 1 and 2) , indicating that the STAT2/SV5 V complex is not very stable. (Note: a similar dissociation of SV5 V from STAT2 as seen in lane 2 was obtained when buffer B was substituted for uninfected cell extracts during the incubation period, ruling out the possibility that dissociation was influenced by components of the Sf9 cell extract; data not shown.) Addition of STAT1 (Fig.  3, lane 3) did not affect the stability of the STAT2 SV5 V complex. In striking contrast, significantly less SV5 V dissociated from the beads into the supernatant when the STAT2/ SV5 V beads were incubated in the presence of both STAT1 and DDB1 (Fig. 3, lane 5) . Also in agreement with Fig. 2 , the amount of DDB1 attached to the STAT2/SV5 V beads was highest in the presence of STAT1 (Fig. 3, compare lanes 4 and  5) . It should also be noted that less SV5 V was detected in the supernatant and more SV5 V remained bound to the beads in the presence of DDB1 than when the beads were incubated with either extracts of uninfected cells or cells that contained STAT1 (Fig. 3, compare lanes 2, 3, and 4) , suggesting that the binding of DDB1 to V also increases its affinity for STAT2 but not as much as the presence of both DDB1 and STAT1 does.
(note in the preparation of V used for this experiment a doublet band can be seen, with the faster-migrating fragment having a lower affinity for STAT2 than the upper full-length protein).
Cul4a binds to DDB1/SV5 V/STAT2/STAT1 complexes to generate a functional E3 ligase complex. Members of the cullin family of proteins bind to cellular proteins to form SCF-like ubiquitin complexes (14, 35, 38) . Evidence has also previously been presented that Cul4a may play a role in the degradation of STAT1, mediated by SV5 V protein (26) . Furthermore, in our previous in vitro studies, GST-SV5 V captured Cul4a from rabbit reticulocyte lysates. However, since these lysates also contained rabbit DDB1, it was assumed that this was an indirect interaction between SV5 V and Cul4a mediated through DDB1 (27) .
In order to determine whether DDB1/SV5 V/STAT2/ STAT1 complexes formed on protein G beads could also bind Cul4a, complexes (see Fig. 2 , lane 6) were incubated with cell extracts prepared from 293T cells and bound proteins were visualized by either Coomassie blue staining of the SDS-PAGE gel or subjected to Western blot analysis using an antibodies specific for either STAT1, DDB1, or Cul4a (Fig. 4) . The results clearly showed that Cul4a was captured from the 293T cell extracts by the DDB1/SV5 V/STAT2/STAT1 complexes However, it was not possible in this experiment to determine whether or not any other cellular proteins (e.g., Rbx1) were recruited onto the immobilized complex.
We next determined whether complexes containing DDB1/ SV5 V/STAT2/STAT1 and Cul4a could ubiquitinate STAT1. Thus, a series of ubiquitination assays using a variety of complex assemblies were carried out in the presence of E1 and UBCH5a (which is the most potent E2 enzyme that we have yet identified using in vitro-based assays; data not shown). Figure 5 shows that STAT1 was polyubiquitinated in complexes of DDB1/SV5 V/STAT2/STAT1 when additional proteins, including Cul4a, were captured from a 293T cell extract as described in the legend to Fig. 4 (lane 1) but not if 293T cell extract (lane 2) was omitted from the complex assembly protocol. (Note that no ubiquitination of SV5 V could be detected in these experiments; data not shown.) Ubiquitination of STAT1 also did not occur if SV5 V was omitted from the complex. Similarly, no ubiquitination of STAT1 took place in the absence of either ubiquitin ligase E1 (Fig. 5, lanes 5 to 8) or Ubch5a (data not shown) regardless of the complex that had been formed. ) were assembled on beads as previously described; 5 l of washed beads were then used for ubiquitination assays in the presence and absence of E1 and UBCH5a. The presence of polyubiquitinated STAT1 in the samples was detected by Western blot analysis using anti-STAT1 antibody followed by horseradish peroxidase-labeled protein A. Labeled proteins were then visualized on x-ray film following exposure to ECL reagents. (Note that lanes 2 and 6 and lanes 1 and 5 are the same complexes as shown in Fig. 4, lanes 1 and 2, respectively.) 13438 PRECIOUS ET AL. J. VIROL.
DISCUSSION
In our investigations on the molecular basis for the degradation of STAT1 by SV5 we have sought to establish in vitro systems to demonstrate the role of both virus and cellular proteins in the degradation process. We have previously demonstrated that STAT1 could be both ubiquitinated and degraded in in vitro assays based on the synthesis of appropriate proteins in reticulocyte lysate coupled transcription/translation systems (27) . However, while such systems proved useful in establishing suitable experimental conditions for in vitro ubiquitination, the reticulocyte lysate cellular background limited the information that could be gained regarding the specific interaction(s) of the proteins involved in the degradation process.
Here, using protein capture assays in conjunction with the yeast two-hybrid system, we have established that although STAT1 does not bind directly to either DDB1 or SV5 V, it does bind directly to STAT2 in the absence of IFN-induced phosphorylation. Association of STAT1 with STAT2 in the absence of IFN-induced phosphorylation has been reported previously (31) , but what is striking in the experiments presented here is the apparent in vitro stability of such STAT1/ STAT2 complexes. Although SV5 V does not bind STAT1 directly, we show that SV5 V binds directly to STAT2, and can thereby indirectly capture STAT1 through the association of STAT1 with STAT2. Furthermore, since SV5 V also binds directly to DDB1, it can act as a molecular bridge between DDB1 and complexes of STAT1/STAT2. Significantly, the affinity of binding of SV5 V to STAT2 is relatively weak but is enhanced by the formation of the DDB1/SV5 V/STAT2/ STAT1 complex. In vitro ubiquitin assays in the presence of E1 and UBCH5a showed that while DDB1/SV5 V/STAT2/STAT1 complexes were unable to polyubiquitinate STAT1, following the capture of Cul4a (presumably through its known interaction with DDB1 (6, 14, 38) from extracts of 293T cells a functional ubiquitination ligase complex was formed that led to the ubiquitination of STAT1. Whether capture of cellular proteins in addition to Cul4a from 293T cell extracts, e.g., Rbx1, is required for ubiquitination of STAT1 is currently under investigation.
These results have enabled us to propose a dynamic model for of the degradation of STAT1. In essence the model proposes that two normally non interacting systems, the DDB1/ Cul4a ubiquitination system and the STAT1/STAT2 signaling system (Fig. 6a) are brought together via SV5 V protein (Fig.  6b) . As a result of this interaction, STAT1 becomes polyubiquitinated via a ubiquitin E3 complex containing DDB1, Cul4a, E1, and UBCH5a (Fig. 6c) . Polyubiquitinated STAT1 then dissociates at some point from STAT2 before it is degraded by the proteasome (Fig. 6d) . The loss of STAT1 destabilizes the interaction of STAT2 with the SV5 V/DDB1/Cul4a complex such that STAT2 either dissociates from the complex or is displaced by preformed STAT1/2 complexes. Since SV5 V clearly has a high affinity for DDB1, as it can displace other proteins, including DDB2 and HBX, from DDB1 (19), SV5 V probably remains bound to the DDB1/Cul4a complex, which would thus be primed to accept new STAT2/STAT1 complexes.
The novelty of this model is that the adaptor molecule (SV5 V) does not interact directly with the target molecule (STAT1) but with its partner (STAT2) to bring the target molecule for ubiquitination into contact with the DDB1/Cul4a ubiquitin ligase complex. The results and model presented here show how SV5 V protein might interact with other components of the STAT1 ubiquitination complex. However, the current study does not address the question of whether, in its role as an adaptor, the V protein is either polymeric or has more than the adaptor function in the E3 ligase complex described. Nevertheless, the formation of a stable complex between DDB1, STAT2, SV5 V, and STAT1 which can subsequently be activated for STAT1 ubiquitination suggests that the adaptor role of SV5 V may be the key initial step in STAT1 degradation. Furthermore, this model would help to explain why small amounts of SV5 V can rapidly induce the degradation of STAT1 in cells, as occurs upon infection of cells with UVinactivated virus (8) . SV5 V protein has now been shown to bind to at least three cellular proteins, DDB1, STAT2, and mda-5, and at least one viral protein, the nucleoprotein (28) . It may therefore be that the natively unfolded nature of paramyxovirus V proteins (17) facilitates the formation of different structural conformations depending on the binding partner(s). The results presented here suggest that perhaps only the DDB1/SV5 V/STAT1/ STAT2 complex will be stable enough to give meaningful data on the structure of SV5 V in the functional E3 ubiquitin ligase complexes that leads to the degradation of STAT1.
